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ABSTRACT 
Materials exhibiting nodal-line fermions promise superb impact on technology for the pro-
spect of dissipationless spintronic devices. Among nodal-line semimetals, the ZrSiX (X=S, Se, 
Te) class is the most suitable candidate for such applications. However, surface chemical re-
activity of ZrSiS and ZrSiSe has not been explored yet. Here, by combining different surface-
science tools and density functional theory, we demonstrate that the formation of ZrSiS and 
ZrSiSe surfaces by cleavage is accompanied by the washing up of the exotic topological 
bands giving rise to the nodal line. Moreover, while the ZrSiS has a termination layer with 
both Zr and S atoms, in the ZrSiSe a reconstruction occurs with the appearance of Si surface 
atoms, particularly prone to oxidation. We demonstrate that the chemical activity of ZrSiX 
compounds is mostly determined by the interaction of Si layer with the ZrX sublayer. A suita-
ble encapsulation for ZrSiX should not only preserve their surfaces from interaction with ox-
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idative species, but also provide a saturation of dangling bonds with minimal distortion of the 
surface. 
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Introduction 
After the advent of topological quantum matter 
[1-7]
, topological semimetals have triggered 
the interest of the scientific community for the presence of topologically protected Dirac-like 
quasiparticles in their bulk 
[3, 5, 8-10]
. This peculiarity makes them particularly appealing for 
technological exploitation. Conversely, other Dirac materials such as graphene
[11-14]
 and 
borophene 
[15-18]
 require the implementation of a single layer, which remains challenging for 
industrial applications. Among topological semimetals, in nodal-line semimetals (NLSM) 
conduction and valence bands cross each other
[19, 20]
. In particular, in NLSM topological con-
straints protect band crossings and, moreover, band touching form nodal lines or rings 
[21]
. 
Recently, topological nodal lines have been observed in bulk ZrSiX compounds 
[21-25]
 
(X=S, Se, Te). In ZrSiX, a tetragonal structure is formed by the stacking of X-Zr-Si-Zr-X 
slabs covalently bonded between each other, whose strength decreases by replacing S with Se 
or Te ions, due to the increase of the ionic radius 
[26]
. This class of materials exhibits large 
and non-saturating magnetoresistance 
[27]
 and ultrahigh mobility of charge carriers (as high as 
3·10
4
 cm
2
V
-1
s
-1
 at T=3 K 
[28]
).  
However, two crucial experimental bottlenecks have to be overcome in order to succeed in 
technology transfer: (i) the achievement of single crystals with excellent crystalline quality; 
(ii) the control over surface phenomena, including oxidation, degradation and surface recon-
struction.  Only recently, our groups have improved the synthesis of bulk single crystals of 
ZrSiS 
[28]
 and ZrSiSe 
[22]
, also using only non-toxic and Earth-abundant elements.  Neverthe-
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less, though previously ZrSiS has been just assumed to be very stable even in air
[29-31]
,  a 
careful investigation on ambient stability of ZrSiX is missing yet.  
Moreover, surface properties are completely unknown. The presence of dangling bonds at 
the surface arising from the truncation of the crystal may originate unexpected surface re-
constructions or surface states. As an example, the surface of Bi2Se3 topological insulator 
can reconstruct with Bi bilayers
[32]
, while in NbAs and TaAs Weyl semimetals dangling 
bonds form Fermi-arc surface states
[33]
. Furthermore, it remains unclear how the topological 
properties could be connected to their chemical stability, expressly at the surface. Hence, the 
energetics of adsorption of reactants at sites located at the surface and eventual surface recon-
structions should be evaluated in order to unveil the chemical stability and, correspondingly, 
the catalytic properties of NLSM samples.  
Here, we combine surface-science techniques with density functional theory (DFT) to unveil 
the peculiarities and the chemical reactivity of surfaces of ZrSiS and ZrSiSe. We find that the 
formation of the surface implies the removal of topological properties. Furthermore, while 
ZrSiS exhibits a termination with both Zr and S atoms, the ZrSiSe surface reconstructs with 
the appearance of surface Si atoms particularly prone to oxidation. We show that the chemi-
cal activity of ZrSiX compounds is largely determined by the interaction of Si layer with the 
ZrX sublayer and, accordingly, we clarify the features of encapsulation procedures required 
to successfully exploit ZrSiX in technology. 
 
Results and Discussion 
The outstanding crystalline quality of these samples is ensured by the sharp (00n) features in 
their X-ray diffraction (XRD) patterns 
[22, 28]
 and by the exceptionally flatness of their surfac-
es (see Fig. S1 in the Supporting Information, SI). The presence of peculiar topological prop-
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erties as NLSM of our single crystals has been previously demonstrated by magnetotransport 
data for ZrSiS 
[28]
 and ZrSiSe 
[22]
. 
Vibrational spectroscopy is a powerful tool to monitor modifications in surface chemical 
bonds 
[34]
. Especially, high-resolution electron energy loss spectroscopy (HREELS) is sensi-
tive to the outermost surface layer. Figure 1 shows the vibrational spectra of pristine and de-
fected ZrSiS exposed to a dose of 10
3
 L (1 L=10
-6
 torr·s) of O2 at room temperature. The pris-
tine ZrSiS has a featureless vibrational spectrum, due to the absence of any contamination on 
as-cleaved samples. The pristine, undefected surface is also quite inert toward oxygen, as in-
dicated by the analysis of the corresponding vibrational spectrum of the O2-dosed undefected 
ZrSiS. Therefore, one can estimate the sticking coefficient of oxygen to be less than 10
-3
 at 
room temperature. We obtained surface oxidation only for ZrSiS with a considerable amount 
of defects, introduced by ion sputtering. The bombardment with argon ions selectively re-
moves Si and S compared to Zr, due to the very dissimilar atomic masses. The O2-dosed sur-
face with modified surface stoichiometry (Zr1.05Si0.98S0.97) has an excitation spectrum domi-
nated by an intense peak at 83 meV, with its corresponding replica at 166 meV. The strong 
intensity of the feature at 83 meV (as high as 15% of the elastic peak) is typical of Fuchs-
Kliewer phonons
[35]
. We have compared the experimental loss spectrum with the excitation 
spectrum of optical phonons of bulk ZrO2 in literature 
[36]
, finding good overlap with only a 
slight deviation in phonon energies (Fig. S2 in the SI). We note the absence of vibrations 
connected to Si-O bonds (see below discussion for ZrSiSe). 
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Figure 1: Vibrational spectra of pristine and modified ZrSiS systems. The black curve is re-
lated to as-cleaved ZrSiS, while the red and blue curves correspond to ZrSiS and 
Zr1.05Si0.98S0.97 (defected ZrSiS) modified by the exposure to 10
3
 L of O2, respectively. 
 
On the other hand, ZrSiSe has a much stronger reactivity toward oxygen. Specifically, the vi-
brational spectrum of O2-dosed ZrSiSe has peaks at 56, 102 and 135 meV. The first mode 
should be associated to rocking Si-O-Si modes
[37]
, while the remaining two to symmetric and 
anti-symmetric stretching sym(Si–O)
[38] and asym(Si–O)
[38]
 vibrations. Remarkably, the vibra-
tional spectrum does not change significantly upon air exposure, thus indicating that surface 
passivation occurs already for 20 L of O2. 
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Figure 2: Vibrational spectra of pristine and modified ZrSiSe systems. The black curve is re-
lated to as-cleaved ZrSiSe, while the red and blue curves correspond to ZrSiS exposed to 20 
L of O2 and to air, respectively. 
 
To gain a deeper insight on surface chemical bonds, the analysis of the core levels measured 
by X-ray photoelectron spectroscopy (XPS) represents an ideal complement to vibrational in-
vestigations. The core-level spectrum of as-cleaved ZrSiSe surface shows features at a bind-
ing energy (BE) of 182.8, 180.4, 166.8, 160.1 and 150.8 eV, attributed to Zr-3d3/2, Zr-3d5/2, 
Se-3p1/2, Se-3p3/2 and Si-2s core levels. The exposure to O2 induces the emergence of shoul-
ders for Si-2s and Zr-3d core levels. Especially, the component at 154.2 eV for Si-2s is typi-
cal of SiO2 
[39, 40]
, as also confirmed by the analysis of Si-2p core levels (SI, Figure S3). The 
spectral weight of components due to oxidation increases upon air exposure. Similarly, air 
exposure induces oxidation of Zr and Si adsorption sites in ZrSiS, while O2 exposure does not 
induce significant changes in core levels, even if from survey XPS spectra we can estimate 
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the saturation oxygen coverage to be 0.15±0.02 ML and 1.58±0.05 ML for O2-dosed ZrSiS 
and ZrSiSe, respectively. Correspondingly, by means of quantitative XPS analysis we esti-
mate for ZrSiS (ZrSiSe) an oxide thickness of 0.4 Å (4.6 Å) and 6.4 Å (6.9 Å) after O2 dos-
age and air exposure, respectively.  
A careful inspection of Zr-3d core levels of the O2-dosed ZrSiS surface reveals the appear-
ance of a satellite for a BE of 185 eV, previously observed in the early stages of oxidation of 
Zr surfaces 
[41]
. 
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Figure 3. Core-level spectra for ZrSiS and ZrSiSe. Black, red, and blue curves correspond to 
as-cleaved, O2-dosed and air-exposed samples, respectively. The photon energy is 800 eV. 
 
To achieve a detailed comprehension on the surface chemical reactivity of ZrSiX systems, we 
have built a theoretical model of the adsorption process of reactants. The supercell has been 
modelled as described in the Methods, obtaining a good agreement between XRD experi-
ments and theory concerning the value of the c-parameter of the ZrSiX crystals (Tab. 1). The 
modelling of Zr- and Si-terminated surfaces requires different slabs (see Figs. 4 and 5). In the 
case of Zr-terminated surfaces, no dangling bonds on the surface exist. Conversely, surfaces 
terminating with Si (Fig. 5e-h) have dangling bonds. 
Firstly, we evaluate the energetics of the physical adsorption of single oxygen molecule on Zr 
(Fig. 4a and 5a) or Si (Fig. 5e) sites. In the case of Zr sites, adsorption is energetically favor-
able for all ZrSiX systems (see the column associated to step I in Tab. I). Correspondingly, 
strong Zr-O2 bonds are formed (see Fig. 4a and 5a), whose strength is caused by the overlap 
between empty 4d orbitals of Zr
4+
 and lone pairs on 2p orbitals of oxygen.  
In the case of Si sites, physical adsorption of molecular oxygen is energetically favorable on-
ly for the case of ZrSiSe. In the case of ZrSiTe, this process is extremely unfavorable, while 
for ZrSiS the energy of physisorption is almost zero, resulting in an unstable adsorption. The 
origin of this difference stands in the strong distortion of the ZrX layer under the silicon top 
layer. We define the thickness of the ZrX layer as the difference between projections of the 
nearest Zr and X atoms on the c-axis. In the case of ZrSiS, the thickness is almost the same as 
in bulk (0.88 vs 0.91 Å). However, in the case of ZrSiSe surface the thickness increases from 
1.25 (bulk value) to 1.51 Å with the formation of the surface and a similar value is obtained 
for ZrSiTe (1.44 Å). Correspondingly, the distance between the Zr-X layer and the Si-layer is 
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influenced too, being maximal for ZrSiSe (2.61 Å vs 2.33 Å for ZrSiS). Such a described 
swelling of the surface makes Si-sites of ZrSiSe extremely chemically active. These seeming-
ly small distortions of the lattice are crucial for the realization of the tetrahedral coordination 
of sp
3
-hydridized silicon ions as in bulk ZrSiX, where Si is connected by three covalent 
bonds with Zr and by one bond with another Si atom in the same layer. The increase of the 
ZrX-Si interlayer distance facilitates the formation of the tetrahedral environment after ad-
sorption of oxygen and makes S-terminated surface less stable. 
After physical adsorption of the first oxygen molecule, two scenarios could be realized. The 
first possible process is the further adsorption of oxygen molecules on all active sites of the 
surfaces (Figs. 4b, 5b and 5f). In the case of Zr sites of ZrSiTe, which is energetically unfa-
vorable (see column related to step II in Tab. I). An alternative scenario is represented by the 
decomposition of single physisorbed molecule (Fig. 4c, 5c and 5g). For the case of the Zr-
terminated surface, this process is energetically favorable for all studied systems. Thus, we 
can conclude that, for the Zr-terminated surface of all studied systems, adsorbed oxygen mol-
ecules are decomposed. In the case of Si-terminated surface, formation of the molecular oxy-
gen layer (Fig. 4b, 5b and 5f) is energetically favorable only for ZrSiSe. However, the de-
composition of oxygen molecules is much more favorable than the formation of an O2 layer. 
Thus, for all systems and all surfaces, physical adsorption of O2 molecules is followed by 
their decomposition in O atoms.  
As a final step of our model, we also evaluate the energetics of further decomposition of oxy-
gen molecules on the surfaces until the oxidation of all suitable sites (Figs. 4d, 5d, 5h). Re-
sults of the calculations (see column related to step IV in Tab. I) demonstrate that this process 
is energetically favorable for both surfaces of all studied systems. Therefore, we can conclude 
that oxygen adsorption and decomposition with further oxidation of whole surface occur for 
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Zr sites of all studied system and for Si sites of only ZrSiSe. These results are evidently in 
qualitative agreement with experimental results (Figs. 1-3).  
It is worth pointing out that two well-distinct scenarios concerning the reconstruction of Zr-
terminated surface are feasible. The first scenario corresponds with the formation of dangling 
bonds between O and Zr atoms. In this case, Zr
4+
 ions form two additional bonds with X at-
om from the same layer, with the subsequent breaking of Zr-X bonds with the sublayer and 
the resulting decoupling of ZrOX layer (Fig. 4d). Another scenario is related to the formation 
of O bridges between two Zr atoms on the surface (Fig. 5d). The predominance of one or an-
other scenario of the reconstruction of Zr-terminated surface depends on the specific ZrSiX 
compound and it is directly associated to the different distortions and interlayer distances. 
The strong distortions of the surface layers and the possibility of the detachment of surface 
layers makes the use of ZrSiX as catalysts rather problematic, since poisoning of the catalyst 
seems unavoidable. In ZrSiSe, larger distances between the atoms occur (especially between 
the layers), with a resulting smaller structural stability and, consistently, higher chemical ac-
tivity. Figs. 5e-h demonstrate how the interaction of Si-sites with the oxygen provides delam-
ination of layers of ZrSiSe. This decoupling of the layers affords limits for the oxidation pro-
cess and, correspondingly, the surface oxide phase will have a maximum thickness of a few 
Å. 
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Figure 4. Optimized atomic structure of different steps of the process of the oxidation of 
ZrSiS from Zr-sites. Red, light blue, green and yellow balls represent O, Zr, S, and Si atoms, 
respectively. The various panels depict: (a) physical adsorption of a single oxygen molecule; 
(b) uniform coverage of the surface by molecular oxygen; (c) decomposition of single oxygen 
molecule on the surface and (d) total oxidation of the surface. 
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Figure 5. Atomic structure of different steps of the process of the oxidation of ZrSiSe from 
(a-d)  Zr-sites and (e-h) Si-sites. Red, light blue, black and yellow balls represent O, Zr, Se, 
and Si atoms, respectively. On panels (a) and (e) physical adsorption of single oxygen mole-
cule is depicted. Panels (b) and (f) represent the situation of uniform coverage of the surfaces 
by molecular oxygen. In panels (c) and (g), decomposition of single oxygen molecule on the 
surfaces is represented. Panels (d) and (h) show total oxidation of the surfaces. 
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Table I. Activation energies for the formation of ZrSiX surfaces (Eform) and for their oxida-
tion depending on their respective termination. Lattice parameters are also reported. Steps of 
the oxidation process correspond with those depicted in Figs. 4 and 5. The first energetically 
unfavorable steps, corresponding to the termination of the oxidation process, are marked by 
bold.  
 Eform (eV) a (Å) c (Å) Termination Oxidation step (eV/O2) 
I II III IV 
ZrSiS 
(+1.36) 
3.506 8.327 Zr -0.64 -0.66 -1.31 -0.41 
Si -0.03 +2.39 -7.22 -0.62 
ZrSiSe 
(+1.45) 
3.576 8.827 Zr -0.76 -0.63 -0.44 -2.08 
Si -5.60 -0.65 -7.75 -6.37 
ZrSiTe 
(+1.57) 
3.675 10.344 Zr -2.76 +2.41 +0.64 -1.42 
Si +5.41 +0.82 -7.80 -5.32 
 
Another important issue is to unveil how surface oxidation modifies the electronic structure 
of ZrSiX compounds. The density of states (DOS) calculated for bulk ZrSiX (Fig. 6a) is evi-
dently semimetal-like, corresponding with topological features in band structure typical of 
NLSM (Fig. 7a,b). After the formation of the most favorable Zr-terminated surface, peaks in 
the DOS arising from 4d bands of surface Zr atoms appear near the Fermi level (Fig. 6c). 
Congruently, these features also observed in experimental valence-band spectra of as-cleaved 
samples (Fig. 8). Remarkably, the formation of the surface implies the withdrawal of all topo-
logical features of the bulk in the surface band structure (Figs. 7c,d). Note that the DOS cor-
responding to the case of less energetically favorable Si-terminated surface, reported in Fig. 
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S4, is significantly different from experimental valence-band spectra in Fig. 8. Thus, we can 
conclude that samples have a predominant Zr-terminated surface and, consistently, Si-
terminated surface is rare. Both experiment and theory for as-cleaved surfaces show broad-
ened electronic bands, with the survival of a well-distinct peak at 2 eV of BE (Figs. 7c,d and 
8), originated by bulk Zr-4d states (Fig. 7a,b).  Experimental spectra also indicate a notable 
difference in electronic structure of oxidized surfaces compared to pristine ones. In the case 
of ZrSiSe, we observed the disappearance of the peaks near Fermi level in contrast to oxi-
dized ZrSiS, where some states at the Fermi level are observed.  Calculations also demon-
strate vanishing of the peak below Fermi level in ZrSiSe and the appearance of the peak 
around the Fermi level in oxidized ZrSiS slab. Such differences are originated by the dissimi-
lar atomic structure of oxidized surfaces. Specifically, for oxidized surface of ZrSiSe we ob-
serve formation of rather uniform ZrSeO layer (Fig. 5d). In the case of ZrSiS, decoupling of 
ZrSO layer occurs. The formation of this decoupled layer provides breaking of covalent 
bonds between surface and subsurface layers and the appearance of the contribution from Si 
and S 3p bands around the Fermi level.  The presence of the oxidized ZrXO surface layers 
induces appearance of additional features in the band structure although the surface band 
structure is generally maintained (Fig. 7e,f). 
Both experimental and theoretical results suggest that it is crucial to protect the surfaces of 
ZrSiX materials. In contrast to the case of phosphorene 
[42]
 and other layered materials 
[43-45]
, 
an appropriate capping layer for ZrSiX should combine (i) the prevention of the interaction of 
the surface with oxidative species and (ii) the saturation of dangling bonds with minimal dis-
tortion of the surface. Particularly, we have explored the viability of passivation by hydro-
genation finding complex phenomena described in details in the SI (Fig. S6 and its related 
discussion). Calculations demonstrate that hydrogenation eliminates bands at the Fermi level 
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corresponding with dangling bonds on the bare surface (Fig. S5c,d). Nevertheless, hydro-
genation of the surfaces does not restore bulk-like band structure. On the other hand, hydro-
genation induces the appearance of novel electronic states around the Fermi level. Thus, the 
functionalization of the surface of topological materials could be a tool not only for protect-
ing the surface but also for engineering topologic electronic states.  
 
Figure 6. Total densities of states for (a) bulk and for a slab with (c) bare and (e) oxidized Zr-
terminated surfaces of ZrSiS and ZrSiSe. We also report partial densities of Zr 4d states from 
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(b) bulk  and from (d) bare and (f) oxidized slabs corresponding to surface layers. In the inset 
to panel (f), we report partial densities of states for S 3p from surface layer and Si 3p from 
subsurface layer of oxidized slab of ZrSiS.  
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Figure 7. Band structure of bulk (a) ZrSiS and (b) ZrSiSe, the slab with Zr-terminated sur-
face for (c) ZrSiS and (d) ZrSiSe, (e) ZrSiS slab oxidized from Zr-sites (see Fig. 4d), and (f) 
the ZrSiSe slab oxidized from Si-sites (Fig. 5h).  
 
 
Figure 8. Valence-band spectra of ZrSiS and ZrSiSe. Black, red, and blue curves correspond 
to as-cleaved, O2-dosed and air-exposed samples, respectively. The photon energy is 400 eV. 
 
 
 
Conclusions 
 
We have demonstrated that the chemical activity of ZrSiX compounds is mainly determined 
by the interactions of Si layer with ZrX sublayer. Any adsorption provides distortion of the Si 
layer (flat in bulk). In the case of ZrSiS, the ZrS sublayer is almost the same as in bulk and 
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therefore adsorption is unfavorable, because it provides distortions of Si-layer. In the case of 
ZrSiSe, the ZrSe sublayer is already strongly distorted (structure different from bulk) and, 
therefore, further distortion of Si-layer by adsorption is favorable. Hence, an appropriate en-
capsulation procedure should not only protect surfaces from oxidative species, but also satu-
rate dangling bonds with minimal distortion of the surface. 
Moreover, we have shown that the formation of the surface induces the disappearance of top-
ological features typical of NLSM.  
We can conclude that the relationship between surface chemical reactivity and NLSM has 
unique characteristics, which makes this class of topological materials particularly promising 
for applications exploiting the ultrahigh magnetoresistance and charge-carrier mobility. 
 
 
Methods 
Growth of single crystals 
 
Single crystals of ZrSiS and ZrSiSe were grown using the chemical vapor transport 
method with I2 as the transport agent. For ZrSiS, the polycrystalline precursor was first ob-
tained from a stoichiometric mixture of Zr, Si, and S powder. The starting materials were 
sealed in an evacuated quartz tube, heated up to 1100 °C in a furnace and kept for one week, 
followed by furnace-cooled down to room temperature. The obtained polycrystalline ZrSiS 
was then mixed with I2 in weight ratio of 100:1 and vacuum-sealed in a two-zone tube fur-
nace having a thermal gradient of about 1100-950°C within ~30 cm. Single crystals of ZrSiS 
with size up to 4.0 × 2.9 × 3.0 mm
3
 can be obtained after 10 days 
[28]
. For ZrSiSe, the chemi-
cal vapor transport was performed directly using the stoichiometric mixture of Zr, Si, and Se 
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powder with I2. Large crystals up to a half centimeter can be obtained with the temperature 
gradient of 950-850°C 
[22]
.  
 
Surface-science investigations 
Single crystals of ZrSiS and ZrSiSe were cleaved in ultrahigh vacuum (UHV) and 
their composition was controlled by means of Auger electron spectroscopy (AES) and XPS. 
Survey XPS spectra reported in Fig. S7 of the SI demonstrate the cleanliness of starting sin-
gle-crystals. 
XPS experiments were performed at the High-Energy branch of the Advanced Pho-
toelectric Experiments beamline (APE-HE) of the Elettra Synchrotron, Trieste, Italy. XPS 
spectra were collected with an Omicron EA125 hemispherical electron energy analyzer, with 
the sample at room temperature and in normal emission condition. The linearly polarized 
light was impinging on the sample forming an angle of 45 degrees with respect to the normal 
to the surface. To evaluate binding energies of core levels, a Shirley background was sub-
tracted from XPS spectra. 
Vibrational experiments on surface chemical reactivity were performed by means of 
HREELS at University of Calabria, Italy. We used a Delta 0.5 spectrometer by SPECS 
GmbH, Germany with an energy resolution of about 3 meV. The primary electron beam en-
ergy Ep in vibrational investigations was 3 eV. All vibrational spectra were acquired with the 
sample kept at RT. To extract vibrational frequencies, an exponential background was sub-
tracted from each HREELS spectrum. Defects have been implanted by low-energy ion sput-
tering (primary energy in the range 300-600 eV) for HREELS experiments at University of 
Calabria, Italy. Surface composition of defected samples has been checked by AES. 
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Air exposure has been carried out by exposing the sample in ambient atmosphere. 
 
DFT calculations 
The atomic structure and energetics of various configurations have been studied by DFT us-
ing the QUANTUM-ESPRESSO code 
[46]
 and the GGA–PBE + van der Waals (vdW) ap-
proximation, feasible for the description of the adsorption of molecules on surfaces 
[47, 48]
. We 
used energy cutoffs of 25 Ry and 400 Ry for the plane-wave expansion of the wave functions 
and the charge density, respectively, and the 4×4×2 Monkhorst-Pack k-point grid for the Bril-
louin sampling. 
[49]
  
For the modeling of the surface of ZrSiX compounds, we used a slab constructed 
from 2×2×2 supercell. The separation between the layers is about 20 Å. Physisorption ener-
gies were calculated by the standard formula:  
ΔEphys = [Ehost+mol - (Ehost + Emol) ], 
where Ehost is the total energy of pure surface, and Emol is the energy of the single molecules 
of selected species in empty box.  
Chemisorption energy is defined as difference between the total energy of the system with 
physically adsorbed molecule (Fig. 4a) and the total energy of same system after decomposi-
tion of the same molecule on the surface (Fig. 4b).  
As we study the processes at room temperature, the contribution from the entropy (TΔS) in 
Gibbs free energy should be taken into account. For the physical adsorption of the oxygen we 
estimated this value by the entropy gas to liquid transition by standard formula: 
ΔS = ΔHvaporisation/T, 
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where ΔHvaporization is the measured enthalpy of vaporization and T is the corresponding tem-
perature. Obtained value of TΔS for molecular oxygen is 0.117 eV. For the estimation of the 
entropy of decomposition of the oxygen on open Zr-site, we compare the change of the en-
tropy in the transition from α-Zr to ZrO2. 
[49, 50]
 At room temperature, TΔS contribution to the 
Gibbs free energy of oxygen decomposition is 0.017 eV. As the magnitude of both these val-
ues is much smaller than the magnitudes of the energies of formation, we will further consid-
er only the contribution from differential enthalpy (see Tab. I).  
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